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ABSTRACT
Aims. Are there hurricanes on exoplanets? Tidally locked terrestrial planets around M dwarfs are the main targets of space missions
for finding habitable exoplanets. Whether hurricanes can form on this kind of planet is important for their climate and habitability.
Methods. Using a high-resolution global atmospheric circulation model, we investigate whether there are hurricanes on tidally locked
terrestrial planets under fixed sea surface temperatures (SST). The effects of planetary rotation rate, surface temperature, and bulk
atmospheric compositions are examined.
Results. We find that hurricanes can form on the planets but not on all of them. For planets near the inner edge of the habitable
zone of late M dwarfs, there are more and stronger hurricanes on both day and night sides. For planets in the middle and outer
ranges of the habitable zone, the possibility of hurricane formation is low or even close to zero, as suggested in the study of Bin et
al. (2017). Hurricane theories on Earth are applicable to tidally locked planets when atmospheric compositions are similar to Earth.
However, if background atmosphere is lighter than H2O, hurricanes can hardly be produced because convection is always inhibited
due to the effect of mean molecular weight, similar to that on Saturn. These results have broad implications on the precipitation, ocean
mixing, climate, and atmospheric characterization of tidally locked planets. Finally, A test with a coupled slab ocean and an earth-like
atmosphere in a tide-locked orbit of 10 earth days shows that there are also hurricanes in the experiment.
Key words. Astrobiology – Methods: numerical – Planets and satellites: atmospheres – Stars: low-mass
1. Introduction
Hurricanes (also known as tropical cyclones or typhoons) are
low-pressure weather systems with well-organized convection
and are one of the most destructive disasters on Earth be-
cause they can induce strong winds, rapid increases in local sea
level, and heavy precipitations (Anthes 1982, Emanuel 2018).
Hurricanes can also enhance the vertical mixing of heat and
nutrients in the ocean, increase horizontal oceanic heat trans-
port, and subsequently influence global climate (Emanuel 2001,
Jansen & Ferrari 2009, Li & Sriver 2018). For instance, the curl
of the strong winds can cause divergence and convergence in
the upper ocean, producing regions of up-welling and down-
welling and enhancing the exchanges between surface and sub-
surface oceans. Therefore, it is important and interesting to know
whether hurricanes can form on other potentially habitable plan-
ets beyond Earth.
In this study, we focus on tidally locked terrestrial planets
around M dwarfs, due to their relatively large planet-to-star ra-
tios and frequent transits in observation. These planets differ
from Earth in three major aspects: the uneven distribution of
stellar energy between the permanent day and night sides, the
slow rotation rate due to strong tidal force, and the redder stellar
spectrum than the Sun. Several atmospheric general circulation
models (AGCMs) have been employed and modified to simu-
late and understand atmospheric and climatic dynamics of the
planets (Joshi et al. 1997, Merlis & Schneider 2010, Edson et al.
2011, Pierrehumbert 2011, Wordsworth et al. 2011, Leconte et
al. 2013, Menou 2013, Showman et al. 2013, Carone et al. 2015,
Wordsworth 2015, Shields et al. 2016, Turbet et al. 2016, Boutle
et al. 2017, Checlair et al. 2017, Haqq-Misra et al. 2017, Koppa-
rapu et al. 2017, Noda et al. 2017, Wolf 2017, Turbet et al. 2018,
Del Genio et al. 2019, Pierrehumbert & Hammond 2019, Yang
et al. 2019). These AGCMs have horizontal resolutions that are
always equal to or larger than 300 km, so that most of their stud-
ies focus on planetary-scale phenomena, such as global-scale
Walker circulation, equatorial superrotation, and forced Rossby
and Kelvin waves, and their models are not able to well simulate
the characteristic features of hurricanes, such as the warm core,
the eye—eyewall structure and the spiral rain bands. No work
has investigated synoptic phenomena except Bin et al. (2017).
Based on the output data of an AGCM, they estimated genesis
potential index of hurricanes and showed that the probability of
hurricane formation is low for planets in the middle range of
the habitable zone of M dwarfs. However, model resolution they
used was not able to directly simulate hurricanes and whether
the empirical index can be applied to exoplanets was unknown.
Moreover, they have considered planets in the middle range of
the habitable zone only; here we showed that the possibility of
hurricane formation increases with temperature and for planets
with higher temperatures (more close to the inner edge of the
habitable zone) the possibility is higher.
In this study, we explicitly simulate hurricane formation on
tidally locked terrestrial planets with a high-resolution (≈50 km)
AGCM. The structure of the paper is as follows. Section 2 de-
scribes the methods, section 3 shows the results, and section 4
presents the conclusions.
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2. Model Description and Experimental Design
The model we used is the global Community Atmosphere Model
version 4 (CAM4) with a dynamical core of finite volume (Neale
et al. 2010). Deep convection is parameterized using the updated
mass flux scheme of Zhang and McFarlane (1995). Subgrid-
scale momentum transport associated with convection is in-
cluded (Richter & Rasch 2008). The parameterization of shallow
moist convection is based on Hack (1994). Condensation, evap-
oration, and precipitation parameterization is based on Zhang et
al. (2003) and Rasch and Kristjansson (1998). Cloud fraction is
diagnosed from atmospheric stratification, convective mass flux,
and relative humidity (Slingo 1987, Hack et al. 1993, Kiehl et
al. 1998, Rasch & Kristjansson 1998). Realistic radiative trans-
fer of water vapor, clouds, greenhouse gases, and aerosols are
included (Ramanathan & Downey 1986, Briegleb 1992, Collins
et al. 2002, Neale et al. 2010 ).
The horizontal resolution we employed is 0.47◦ × 0.63◦ in
latitude and longitude, respectively. The number of vertical lev-
els is 26. Planetary surface is covered by seawater everywhere
(an aquaplanet). Because of the high resolution and the limited
computational power, we specify sea surface temperature (SST)
in the simulations. With fixed SST, the atmosphere reaches equi-
librium state within several years. If the model were coupled to
a 50-m slab ocean, the surface and atmosphere require tens of
years to reach equilibrium state, which is about one order longer
than that in the simulations with fixed SST. The thermal iner-
tia of the slab ocean is much larger than the atmosphere. If the
model were coupled to a fully dynamical ocean of such as 3000
m, the model will require thousands of years to reach equilibrium
state, due to the high thermal inertia and the slow motion of deep
ocean. For simulating hurricanes, fixed surface temperature ex-
periments is a good start and a useful method to understand the
formation and properties of hurricanes, as found in the hurri-
cane simulations on Earth, such as the studies of Held and Zhao
(2008) and Khairoutdinov and Emanuel (2013) and the recent
review papers of Emanuel (2018) and Merlis and Held (2019).
The fixed-temperature surface acts as a boundary condition for
the atmosphere system.
The surface temperature is set according to previous sim-
ulations of lower-resolution AGCMs coupled to a 50-m slab
ocean (Yang et al. 2013, Wolf et al. 2019). On the day side,
the surface temperature is a function of latitude and longi-
tude: (Tmax − Tmin)cos(ϕ)cos(λ) + Tmin (shown in Fig. 3a), or
(Tmax − Tmin)cos1/4(ϕ)cos1/4(λ) + Tmin (shown in Fig. 4), where
Tmax is the maximum surface temperature, Tmin is the minimum
surface temperature, ϕ is the latitude, and λ is the longitude. On
the night side, the surface temperature is uniform with a value of
Tmin. Three groups of Tmax and Tmin are used. One is for planets
near the inner edge of the habitable zone, 315 K & 310 K. The
other two are for planets in the middle range of the habitable
zone, 308 K & 275 K and 301 K & 268 K; the power of 1/4 is
used due to the very weak temperature gradients in the substellar
region and strong temperature gradients near the terminators.
Planetary rotation period is set to be equal to orbital period.
Four rotation periods are examined: 6, 10, 20, and 40 earth days.
For other types of spin-orbit resonance, such as 3:2 like Mer-
cury, the climate is in the condition between the synchronous
rotation and the rapidly rotation of Earth (Yang et al. 2014), so
that we have not done this kind of experiments. Planetary ra-
dius and gravity are set to be the same as Earth, but both obliq-
uity and eccentricity are set to zero. Stellar temperature is set
to 2,600 or 3,700 K. The stellar radiation at the substellar point
is set to 1,300 or 1,800 W m−2. By default, the mean surface
pressure is 1.0 bar with ≈79% N2 and ≈21% O2. For greenhouse
gases, we set CO2 concentration to 367 parts per million by vol-
ume (ppmv), N2O to 316 parts per billion by volume (ppbv), and
CH4 to 1760 ppbv. Ozone concentration is set to be the same as
present-day Earth, which may influence the outflow temperature
of hurricanes and the overshooting of extremely strong convec-
tion.
In order to briefly test the effect of atmospheric composition
on the hurricane formation, we did several ideal experiments in
which the background gas is set to H2, He, N2, O2, and CO2, re-
spectively. The corresponding mean molecular weights are 2.02,
4.00, 28.01, 31.99, and 44.00 g mole−1 and the corresponding
specific heats (Zhang & Showman 2017) are 28.9, 20.8, 29.1,
29.5, and 37.2 J mole−1 K−1. We modify these two constants
only. The model we employed is unable to calculate the radia-
tive transfer of dense H2, He, O2, or CO2 and meanwhile surface
temperatures under background gases differing from Earth have
not been seriously examined. So, we choose to use globally uni-
form surface temperature (301 K) and stellar radiation (340 W
m−2) with neither seasonal nor diurnal cycle. This idealized ther-
mal boundary condition is unrealistic, but it is able to avoid the
effects of strong wind shear, baroclinic zone, or other features
that may inhibit hurricane formation or propagation (Merlis &
Held 2019). Two planetary rotation periods are used, one and
three earth days.
Initial states of the experiments were from long-term (40
earth years) simulations using a lower resolution of 4◦×5◦ or
1.9◦×2.5◦ under the same experimental designs and parameter-
ization schemes. Then, each experiment was run for five earth
years under the high resolution, and the last four years were used
to analyze below.
Hurricane formation and tracking is based on six hourly
model output variables using the Geophysical Fluid Dynamics
Laboratory tracking algorithm (Zhao et al. 2009). Candidate hur-
ricanes are identified by finding regions satisfying the following
criteria: 1) the local 850-hPa relative vorticity maximum exceeds
3.5×10−5 s−1; 2) the 850-hPa warm-core temperature must be at
least 0.5 K warmer than the surrounding local mean; 3) the dis-
tance between the local sea level pressure minimum and the vor-
ticity maximum should be within a distance of 2◦ latitude or lon-
gitude, and so is the distance between the local sea level pressure
minimum and the warm-core center; 4) the maximum 850-hPa
wind speed exceeds ≈33 m s−1 at some time. These values of the
thresholds influence the exact number of detected hurricanes but
do not affect the main conclusions of this study.
For Earth, a useful method to estimate the possibility of hur-
ricane formation is the genesis potential index (GPI, Emanuel &
Nolan 2004), which is written as:
GPI = |105(ζ + f )|3/2(RH/50)3(Vpot/70)3(1.0 + 0.1Vshear)−2, (1)
where ζ is the vertical component of relative vorticity, f is the
planetary vorticity, RH is the relative humidity at the middle tro-
posphere (600 hPa), Vshear is the wind shear of horizontal winds
between the upper and lower troposphere (300 minus 850 hPa; or
called vertical wind shear), and Vpot is potential intensity. Vpot is
a measure of the maximum near-surface wind that can be main-
tained by hurricane under given environmental condition. Note
that these parameters are not all independent; for instance, ver-
tical wind shear can influence relative humidity. The value of
Vpot is calculated based on a local balance between thermal en-
ergy import and mechanical energy dissipation (Emanuel 1988,
Bister & Emanuel 2002), written as
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Vpot =
Ck
CD
Ts − To
To
[CAPE∗ −CAPEb]|m, (2)
where Ck is the exchange coefficient for enthalpy, CD is the drag
coefficient, Ts is the sea surface temperature, To is the mean out-
flow temperature, CAPE∗ is the convective available potential
energy of air lifted from saturation at sea surface, and CAPEb
is that of the boundary layer air. Both CAPE∗ and CAPEb are
computed at the radius of maximum surface wind.
In discussing the size of hurricanes, the Rossby deformation
radius (LR) is used in section 3.3 below. LR is the length scale
at which rotational effects become as important as the effects
of gravity waves or buoyancy in the evolution of the flow in a
disturbance. LR is equal to NHf , where N is the Brunt-Vaisala
frequency, and f is the Coriolis parameter. H is the scale height,
equaling to R
∗T¯
Mdg
, where R∗ is the universal gas constant, T¯ is the
mean air temperature, Md is the molar weight of the atmosphere,
and g is the gravity (Wallace & Hobbs 2006). LR decreases as
Md increases due to the reduction of H. In idealized experiments
with uniform surface temperature or uniform rotation, it is one
of the rough scales that can be used for understanding hurricane
size (Held & Zhao 2008); however, in more realistic conditions
such as Earth, LR is not a good scaling (Chavas et al. 2016,
Chavas & Reed 2019).
3. Results
3.1. Hurricanes on tidally locked planets
Figure 1 shows the results of the control experiment for an aqua-
planet orbiting close to the inner edge of the habitable zone
around a late M dwarf of 2600 K. The rotation period is set
to 6 earth days. Both the day and night sides are set to warm
(310–315 K), and the day-to-night surface temperature contrast
is small (see Fig. 3a). This experimental design is due to the
fact that the day-to-night atmospheric latent heat transport is
very efficient for planets near the inner edge (Haqq-Misra et
al. 2017, Yang et al. 2019). The high surface temperature, weak
day-to-night contrast, and relatively fast rotation rate (comparing
to planets in the middle range of the habitable zone or planets
orbiting around hotter stars) benefit hurricane formation. Note
that the temperatures of 310-315 K are well below the condition
under runaway greenhouse state. For tidally locked planets, the
planets start to enter runaway greenhouse state when the maxi-
mum surface temperature is close to or higher than 350–360 K
(see Fig. 2 in Wolf et al. (2019)).
Clearly, there are hurricanes in the control experiment. In the
mature stage of the hurricanes, maximum wind speed reaches
≈30-50 m s−1 (Fig. 1a), surface air pressure at the center is
≈950-980 hPa (Fig. 1b), precipitation reaches as high as 200-
500 mm per day due to strong convection especially near the
eyewall (Fig. 1c), and relative vorticity near the surface is in
the order of 10−4 s−1 (Fig. 1d), close to those on Earth (Anthes
1982, Emanuel 2018). The surface wind speed increases as the
eyewall is approached from outside, but inside the eyewall the
winds as well as precipitation weaken rapidly. The winds rotate
counter-clockwise in the northern hemisphere and clockwise in
the southern hemisphere due to the Coriolis force although in
this experiment it is much smaller than that on Earth. The precip-
itation exhibits well-defined spiral bands rather than uniformly
distributed throughout the region of the hurricane. The clear pat-
terns of eye–eyewall and spiral rain bands suggest that the model
resolution of 50 km is good in resolving the hurricanes.
For vertical cross structure (Fig. 2), the tangential wind com-
ponent dominates the flow through the system although the ra-
dial wind is also significant. In the boundary layer, the winds
flow toward the low-pressure center. Within the hurricane, up-
ward motion is robust and tilts radially outward. The maximum
ascendance near the surface locates at a distance of ≈250 km
outward from the hurricane center rather than at the center itself.
Indeed, weak downward motion comprises the center. Due to the
ascendance and deep convection, relative humidity is high in the
hurricane. Latent heat release from the convection and adiabatic
warming by compression from the subsidence in the eye produce
a warmer region of air with temperatures of ≈4 K above the en-
vironmental value. This can be called as a “warm core”, which
is one of the most characteristic features of hurricane. The warm
core can also be viewed from the equivalent potential tempera-
ture anomaly. Hurricanes on the night side (Fig. S1) are smaller
in horizontal size compared to that on the day side, ≈500 versus
1500 km, but the vertical structures are similar.
Statistical analysis shows that in the control experiment there
are four preferred regions for hurricane genesis: the northern and
southern tropics of the day side near the substellar point and the
middle-to-high latitudes of the night side on each hemisphere
(black dots in Fig. 3a). Hurricane formation is largely deter-
mined by small-scale convection, large-scale environmental con-
dition, and the interactions between them. Below, we explore the
underlying mechanisms through two ways.
One way is the positive feedback between cumulus convec-
tion and larger-scale disturbance, known as the Conditional In-
stability of the Second Kind (CISK; Charney & Eliassen 1964,
Smith 1997, Yamasaki 2007, Wang 2015). On tidally locked
planets, long-term mean atmospheric circulation is characterized
by large-scale Rossby waves on the west and pole of the substel-
lar point and Kelvin waves on the east of the substellar point
(Fig. 3b), excited from the uneven stellar radiation distribution
(Showman & Polvani 2011, Showman et al. 2013). The wave
pattern is similar to the tropical Matsuno-Gill pattern on Earth
(Matsuno 1966, Gill 1980), but the meridional (south-north)
scale is larger, ≈10,000 versus 3,000 km. The Rossby waves have
one low-pressure center on each hemisphere, whose correspond-
ing environmental vertical motion is updrafts and relative vortic-
ity is positive (negative) on the northern (southern) hemisphere.
This low pressure system favors the onset of the CISK feedback:
Surface winds spiral into the low-pressure center and create hor-
izontal convergence; this low-level convergence enhances rela-
tive vorticity through vortex stretching, increases upward mo-
tion following the conservation of mass, and meanwhile brings
water vapor into the center, amplifying cumulus convection and
release of latent heat; the latent heat release warms the air and
lowers the air density through forcing more upper-level air to
move outward away from the center, subsequently reducing the
surface pressure; the lower surface pressure further enhances the
low-level convergence and increases the growth rate of the rela-
tive vorticity through vortex stretching (Fig. 3d-f). This feedback
is the key in promoting the growth of small-scale disturbances to
hurricanes in the background low-pressure regions. It is simi-
lar to that on Earth: hurricane generally forms in the monsoon
troughs and the confluence zones where the surface pressure
is relatively low, collocated with high cyclonic vorticity, con-
vergent surface winds, and divergent winds aloft (Anthes 1982,
Emanuel 2018). Moreover, during the formation phase, the la-
tent heat flux from the surface to the boundary layer increases
strongly (Fig. 3g), which also contributes to intensify the hurri-
cane through the feedback of wind-induced surface energy ex-
change (WISHE; Emanuel 2018, Wang 2015).
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Fig. 1. Snapshots of hurricanes on a tidally locked aqua-planet near the inner edge of the habitable zone in the control experiment. From left to
right, the variables are instantaneous wind speed at 850 hPa, surface air pressure, precipitation, and the vertical component of relative vorticity
at 850 hPa, respectively. From upper to bottom, they are for three different moments. The four hurricanes are marked with black circles over the
wind speed panels. The black cross is the substellar point in this figure and hereafter. See the supplementary video online for the evolution of the
hurricanes.
Fig. 2. Azimuthal-mean height-radius cross section of a typical, mature hurricane on the day side of a tidally locked aqua-planet in the control
experiment. (a) tangential wind speed (vθ), (b) radial wind speed (vr), (c) vertical velocity (ω), (d) relative humidity, (e) temperature anomaly from
the environmental value (∆T), and (f) equivalent potential temperature anomaly (∆θe).
The lifetime of the hurricanes on the day side is ≈40-50 earth
days, longer than that on Earth. This is mainly due to the ab-
sence of continents and the warm surface everywhere in the ex-
periment. On the night side, the lifetime is shorter, ≈10-20 earth
days.
Another more quantitative way is the empirical equation of
genesis potential index (GPI; Emanuel & Nolan 2004, Camargo
et al. 2007, Bin et a 2017). The index combines five environ-
mental factors to predict the potential of hurricane formation, in-
cluding planetary vorticity, relative vorticity, relative humidity,
potential intensity, and wind shear. Comparison between Fig. 3a
and 5a reveals a positive correlation between the location of hur-
ricane genesis and large values of GPI. In the four hurricane for-
mation regions, GPI values are large because the relative vortic-
ity is great, relative humidity is high over the substellar region,
potential intensity is large, and/or vertical wind shear is weak
(Fig. 5b-f). These favor hurricane formations there. For exam-
ple, when the shear is strong, an initial disturbance will be venti-
lated by cooler or drier air and thereby temperature and moisture
anomalies are hard to maintain (Tang & Emanuel 2010). In this
experiment, the vertical wind shear is strong especially in the
tropics of the night side associated with atmospheric superrota-
tion (Showman et al. 2013, Pierrehumbert & Hammond 2019)
and in the extratropics of the day side (Fig. 5f), so that there is
nearly no hurricane formation there. Note that the applicability
of the empirical GPI index on Earth to the tidally locked planet is
Article number, page 4 of 12
Mingyu Yan , and Jun Yang: Hurricanes on Tidally Locked Terrestrial Planets: Fixed SST Experiments
Fig. 3. Mechanisms for hurricane formation in the control experiment. (a): The location of hurricane formation (dots) and surface air temperature
(color shading). The number of hurricanes during the four-years integration is 154. (b): Long-term mean surface air pressure (shading) and winds
at 850 hPa (vector). (c): Same as (b) but for an instantaneous. The life cycle of one hurricane on the day side: (d): maximum surface wind speed
(blue) and minimum surface pressure (red), (e): relative vorticity (blue) and divergence (red) at 850 hPa, (f): precipitation (blue) and vertical
velocity at 850 hPa (red), and (g): surface latent heat flux (blue). For (e), (f) and (g), the variables are calculated for area mean of 500×500 km2
around the low-pressure center.
mainly due to that we employed an earth-like atmosphere here;
when the atmospheric composition is quite different from Earth,
GPI is not a good index as addressed below.
The formation of hurricanes on the night side is surprising
because the night side has no stellar radiation and the long-term
mean vertical motion is downwelling rather than upwelling. In
this experiment of planet close to the inner edge of the habit-
able zone, however, the night-side surface is warm, the surface
temperature gradient is small (Fig. 3a), there are a few short-
time small low-pressure regions (Fig. 3c), the planetary vorticity
is relatively high (Fig. 5b), and the vertical wind shear is weak
(Fig. 5f), at the middle-to-high latitudes. These factors promote
hurricane genesis there. But, when the surface temperature is de-
creased or the rotation rate is slowed down, there is fewer or no
hurricane on the night side (see below).
3.2. Effects of planetary rotation rate and surface
temperature
In order to test the effect of rotation rate, we performed three
experiments in which rotation period is increased (i.e., the rota-
tion rate is decreased) while other experimental designs are left
to be the same as that in the control experiment. In the case of
10 days, the hurricane frequency does not change much on the
day side but decreases significantly on the night side (Fig. 6a).
In the case of 20 days, there is nearly no hurricane on the night
side and the number of hurricanes on the day side also decreases
largely (Fig. 6b). For the case of 40 days, hurricane only forms
at regions very close to the substellar point (Fig. 6c). This trend
as a function of rotation period is mainly due to three factors:
the direct weakness of planetary vorticity, the reduction of rela-
tive vorticity due to that the atmosphere becomes so steady that
waves and disturbances become less active, and the decrease of
relative humidity on the night side (but increase on the day side)
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Fig. 4. Surface air temperatures specified in the simulations of planets in the middle range of the habitable zone. (a): the maximum surface
temperature is 308 K and the night-side surface temperature is uniform with a value of 275 K. (b): same as (a) but the temperature is 7 K lower
everywhere.
Fig. 5. Environmental condition for hurricane formation. (a): Genesis potential index (GPI); (b): planetary vorticity; (c): long-term mean relative
vorticity at 850 hPa; (d): relative humidity at 600 hPa; (e): potential intensity; (f): vertical shear of the horizontal winds between 300 and 850 hPa.
Note the environmental vorticity in panel (c) is one order smaller than the vorticity of hurricanes shown in Fig. 1d.
due to the strengthening of the thermal-driven global Walker cir-
culation (Fig. S2).
When the surface temperature is decreased, hurricane is also
harder to form. As the maximum surface temperature is set to
308 K and the night-side surface temperature is set to 275 K,
fewer hurricanes form in the vicinity of the substellar point and
no hurricane on the night side (Fig. 6d). When the maximum
surface temperature is set to 301 K and the night-side surface
temperature is set to 268 K, there are only two hurricane events
during the integration of four earth years (Fig. 6e), consistent
with the GPI prediction in Bin et al. (2017). Note that the tem-
perature of 301 K is close to the tropical surface temperatures on
Earth. This suggests hurricane formation on tidally locked plan-
ets requires a warmer surface, due to their slower rotation rates
and stronger wind shears. For planets with both slow rotation
and low temperature, no hurricane can form (Fig. 6f). The de-
creasing trend of hurricane formation as a function of reduced
surface temperature is due to two main processes: the relative
humidity and potential intensity decrease because of the cooler
surface and weaker upwelling and convection, and the vertical
wind shear becomes much stronger due to the enhanced temper-
ature gradients between day and night sides (Fig. S3). Moreover,
when the night-side surface temperature is low, air convergence
from the night side to the day side brings cool air rather than
warm air into the substellar region, suppressing hurricane for-
mation there.
3.3. Effect of bulk atmospheric composition
Atmospheric compositions on terrestrial exoplanets are un-
known yet. Here we do a preliminary investigation of how atmo-
spheric molecular weight influences hurricane formation under
a uniform surface temperature of 301 K. When the background
atmosphere is set to H2 or He, there is no hurricane, in contrast
to the experiments of N2, O2, and CO2 (Fig. 8), although GPI
value is comparable to or even larger than that shown above.
This is due to the fact that the condensate–H2O is heavier than
H2 and He, so that any disturbance that brings water vapor up-
ward will cause the density of a moist parcel to be larger than
its surrounding environment, similar to the condition in Saturn’s
atmosphere (Guillot 1995, Li & Ingersoll 2015, Leconte et al.
2016). This process induces a negative buoyancy and stabilizes
the atmosphere against convection. Simply, it can be understood
using the ideal gas equation p = ρRdTv and the virtual tempera-
ture (Tv) of
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Fig. 6. Effects of planetary rotation and surface temperature on hurricane formation (dots) and the GPI (color shading). Experiments are for varying
rotation period (a-c), varying surface temperature (d-e), and varying both (f). Experimental designs are the same as the control experiment in Fig. 1
except that the rotation period is set to (a): 10, (b): 20, and (c): 40 earth days; (d): the maximum surface temperature is reduced from 315 to 308
K and the night-side surface temperature is reduced from 310 to 275 K (see Fig. 4a); (e): same as (d) but for 301 K and 268 K, respectively (see
Fig. 4b); and (f) same as (e) but for a rotation period of 40 earth days. The number of hurricanes is 88, 34, 21, 10, 2, and 0, respectively. See Fig. 7
for the snapshots of typical hurricanes. The southern hemisphere always has more hurricanes than the northern hemisphere; this may be due to
some asymmetry in initial state or some stochastic process in the model.
Fig. 7. Snapshots of instantaneous surface wind speed (m s−1) of typical hurricanes in the experiments of varying rotation period (a-c), varying
surface temperature (d-e), and varying both (f). The six hurricanes are marked with black circles. There is no hurricane in panel (f). These
experiments are the same as those shown in Fig. 6.
Tv =
p
p + ( − 1) eT (3)
where p is total air pressure, e is partial pressure of the con-
densate, ρ is air density, Rd is the gas constant of dry air,  is
the molecular weight ratio of water vapor to the dry air, and T
is air temperature. For a H2-dominated (or He-dominated) atmo-
sphere,  is equal to 9 (or 4.5), so that Tv is smaller than T . There-
fore, a moist parcel is heavier than a dry parcel under the same
p and T , and moist convection is inhibited, which is opposite to
the condition on Earth. Moreover, in the experiments of N2, O2,
and CO2, a clear trend is that the hurricane size decreases as the
mean molecular weight is increased. This is due to the fact that
atmospheric scale height is inversely proportional to the mean
molecular weight and subsequently the Rossby deformation ra-
dius (see the last paragraph in section 2 above) becomes smaller.
In the experiments of Fig. 8, the value of Rossby deforma-
tion radius is ≈500-1500 km, comparable to the hurricane size.
However, the Rossby deformation radius is strongly latitude-
dependent because f is equal to 2Ωsin(ϕ) (Ω is the rotation rate
and ϕ is the latitude), but the hurricane size in the experiments
does not exhibit the same dependence. A better scaling was not
found because of the nonlinear dynamics of hurricane and the
complex interactions between hurricane and diabatic heating,
environmental relative humidity, mesoscale convective system,
and other features (Emanuel 2018; Merlis & Held 2019). Under
more realistic conditions such as Earth and the simulations in
sections 3.1 and 3.2, the Coriolis effect is not constant between
latitudes and there are strong interactions between hurricanes
and mean circulation, so that the Rossby deformation radius is
not a good scale for hurricane size (e.g., Chavas et al. 2016).
4. Conclusions and Discussions
We find that hurricanes can form on tidally locked planets es-
pecially for those orbiting near the inner edge of the habitable
zone of late M dwarfs. For planets in the middle range of the
habitable zone, hurricanes are relatively fewer. Storm theories of
Earth and Saturn can be used to understand the hurricane for-
mation on tidally locked planets. Hurricanes can enhance the
ocean mixing and oceanic heat transport from warmer to cooler
regions in both horizontal and vertical directions. Hurricanes can
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Fig. 8. Effects of background gases on hurricane formation. From (a) to (e), they are snapshots of instantaneous surface air pressure (hPa) under
background gases of H2, He, N2, O2, and CO2, respectively. In all these experiments, the planetary rotation period is 1 earth day and surface
temperature is uniform (301 K). For experiments with a rotation period of 3 earth days, the results are the same except that the hurricanes are
larger in size but less in number in the latter three experiments.
Fig. 9. Snapshots of surface temperature (a), surface air pressure (b), near-surface wind strength (c), precipitation (d), and relative vorticity (e) in
one experiment coupled to a slab ocean. For panels (c) to (e), only the hurricane region is shown in order to more clearly exhibit the structure of
the hurricane. In this experiment, rotation period (=orbital period) is 10 Earth days, CO2 concentration is 0.1 bar, stellar flux is 1,450 W/m2, and
the star temperature is 2,600 K. No oceanic heat transport is involved in this run.
also influence the transmission spectra of tidally locked planets.
For instance, if hurricane moves to the terminator, water vapor
concentration would increase (Fig. S4), which can influence the
transmission signals. Unfortunately, present-day telescopes are
not able to observe this (Morley et al. 2017, de Wit et al. 2018 )
mainly due to the small-scale height of the atmosphere and the
relatively small size of the hurricane compared to planetary ra-
dius. Differentiating them requires future large space telescopes
or ground-based extremely large telescopes.
Future work is required using AGCMs coupled to a slab
ocean or using fully coupled atmosphere–ocean models. The re-
sult of a test of the atmosphere coupled to a slab ocean is shown
in Fig. 9. We can still find hurricanes in the experiment, and
more results of different rotation periods, different stellar fluxes
and different CO2 concentrations will be shown in a separate
paper in the near future. Moreover, future work is required to ex-
amine how continents influence the results. Hurricanes always
decay quickly when they move over land because of the dra-
matic reduction in evaporation and the increase in surface rough-
ness. Global climate models with more realistic cloud schemes
and regional cloud resolving models with more accurate radia-
tion transfer are required to simulate the hurricane genesis, es-
pecially for those who have quite different atmospheric compo-
sitions and/or air masses from Earth. One another weakness in
Article number, page 8 of 12
Mingyu Yan , and Jun Yang: Hurricanes on Tidally Locked Terrestrial Planets: Fixed SST Experiments
this study is the convection scheme that was developed based
on the knowledge of convection on Earth. Future studies using
high-resolution models with explicit convection (e.g., Sergeev
et al. 2020) are required. Moreover, convective self-aggregation
(such as Bony et al. 2016; Pendergrass et al. 2016; Wing et al.
2017) may have occurred in our simulations especially in the
310–315 K experiment; future work is required to analyze this.
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Appendix A: Supplementary Figures
This section includes Figs. S1 to S4.
Appendix B: Supplementary Video
A video for the evolution of hurricanes on tidally locked planets
is also submitted. There are two panels in the video, wind speed
at 850 hPa (m s−1) and surface air pressure (hPa). The drift of
hurricanes is mainly due to environmental winds.
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Fig. S1. Same as Fig. 2 but for a typical, mature hurricane on the night side. The size is about 1/3 of that on the day side.
Fig. S2. Environmental condition for hurricane formation in the experiment of the rotation period of 40 earth days and surface temperature shown
in Fig. 3a. (a): long-term mean vertical velocity at 500 hPa (shading) and winds at 300 hPa (vector); (b): planetary vorticity; (c): relative vorticity
at 850 hPa; (d): relative humidity at 600 hPa; (e): potential intensity; (f): vertical wind shear between 300 and 850 hPa.
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Fig. S3. Environmental condition for hurricane formation, same as Fig. S2 but for the experiment of the rotation period of 6 earth days and surface
temperate shown in Fig. 4a.
Fig. S4. Effect of hurricane on water vapor concentration at the west terminator in the control experiment. (a): Specific humidity (g kg−1) when two
hurricanes are approaching the terminator. (b): Same as (a) but when there is no hurricane. The blue triangle indicates the latitude of the hurricane
center.
Article number, page 12 of 12
